Recent studies have reported the emerging role of microRNAs (miRNAs) in human cancers. We systematically characterized miRNA expression and editing in the human brain, which displays the highest number of A-to-I RNA editing sites among human tissues, and in de novo glioblastoma brain cancer. We identified 299 miRNAs altered in their expression and 24 miRNAs differently edited in human brain compared to glioblastoma tissues. We focused on the editing site within the miR-589-3p seed. MiR-589-3p is a unique miRNA almost fully edited (∼100%) in normal brain and with a consistent editing decrease in glioblastoma. The edited version of miR-589-3p inhibits glioblastoma cell proliferation, migration and invasion, while the unedited version boosts cell proliferation and motility/invasion, thus being a potential cancer-promoting factor. We demonstrated that the editing of this miRNA is mediated by ADAR2, and retargets miR-589-3p from the tumor-suppressor PCDH9 to ADAM12, which codes for the metalloproteinase 12 promoting glioblastoma invasion. Overall, our study dissects the role of a unique brain-specific editing site within miR-589-3p, with important anticancer features, and highlights the importance of RNA editing as an essential player not only for diversifying the genomic message but also for correcting not-tolerable/critical genomic coding sites.
INTRODUCTION
Post-transcriptional modifications, such as RNA editing, are emerging as important players in RNA/protein diversification, microRNA (miRNA) modulation, cell differentiation and are determinants of several human diseases (1, 2) . A-to-I RNA editing, the most abundant type of RNA editing in mammals, is a tightly controlled molecular process that changes nucleotide sequences of targeted double-stranded RNAs (dsRNAs) by the deamination of the canonical Adenosine (A) nucleic acid base to the specialized RNA-base Inosine (I). A-to-I editing occurs in both coding and non-coding RNA molecules in all human tissues and targets adenosines at different levels diversifying and increasing RNA/protein isoforms (3) . In mammals, this essential molecular mechanism is mediated by the Adenosine Deaminases Acting on dsRNA (ADAR) enzymes (4, 5) . Mammals have three ADAR genes: ADAR1 (also known as ADAR), ADAR2 (also known as ADARB1) and ADAR3 (also known as ADARB2) sharing similar domain structures with RNA-binding domains, which bind the dsRNA substrates, and the carboxy-terminal catalytic deaminase domain (6) (7) (8) . Inosine has different biochemical properties compared to Adenosine and it is recognized as Guanosine by splicing and translational machineries. For these properties, Inosine can alter splicing, mRNA sequence, protein-RNA and miRNA-RNA interactions (9, 10) . Indeed, editing within miRNA precursors can interfere with miR-maturation (leading to modulation of miRNA expression) and/or can alter miR-seed sequence, generating novel miRNAs (edi-miRs), that can cause miRNA differential targeting (11) . Mammalian brain shows the highest level of A-to-I editing (12) and one of the most-studied recoding editing site occurs in the brain within the glutamate receptor 2 (GRIA2) that codes for a subunit of the ␣-amino-3-hydroxy-5-methylisoxasole-4propionate (AMPA) channel. GRIA2 is the only transcript to be ∼100% edited at the recoding Q/R site, which is then considered as a unique editing site. This editing, mediated by ADAR2, is responsible for the Ca 2+ permeability of the AMPA channel (4) and alone can rescue the lethal neurological phenotype observed in Adar2-null mice (4) . Consistently with the essen-tial role played in brain by Adar2 in vivo, accumulating evidence testified the importance of this enzyme in many human brain diseases, including cancer such as glioblastoma (13) (14) (15) (16) (17) . Glioblastoma (GBM or astrocytoma grade IV) is the most aggressive, infiltrative and lethal brain tumor in humans (18) . The most common form of glioblastoma is de novo glioblastoma, which starts from the beginning as a highly fast-growing and aggressive mass and does not evolve from lower-grade astrocytoma (secondary glioblastoma). Glioblastomas are currently incurable, due to their resistance to conventional therapies and their invasive nature. One of the biggest challenges in the treatment of GBM is the presence of highly invasive tumor cells that disseminate into the normal brain parenchyma (19, 20) .
Despite recent efforts in searching novel edited transcripts in both brain and glioblastoma (21, 22) , little has been done to identify and dissect the role of key-editing site(s) important for de novo glioblastoma progression and invasion.
Herein, by deeply exploring miRNA expression and Ato-I editing, we report that (i) novel differently edited and expressed miRNAs were identified in brain cortex compared to de novo glioblastomas; (ii) editing (∼100%) within miR-589-3p seed sequence is mediated by ADAR2; (iii) edimiR-589-3p inhibits glioblastoma cell proliferation, migration and invasion; (iv) editing within miR-589-3p retargets the miRNA from the protocadherin PCDH9 to the metalloprotease ADAM12, which is involved in glioblastoma cell invasion.
MATERIALS AND METHODS

Cell culture and transfection
The well-characterized human glioblastoma cell lines T98G, U87-MG and A172 were obtained from American Type Culture Collection (ATCC) and routinely maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (Gibco-Life Technologies), 100 U/ml penicillin and 100 g/ml streptomycin, at 37
• C in 5% CO 2 . The BLOCK-iT™ inducible Pol II miR RNAi Expression Vector Kit EmGFP (Invitrogen-Life Technologies) and EGFP-ADAR2-vector (16) were used to obtain glioblastoma cell lines silenced or overexpressing ADAR2 respectively. Specific primers to silence ADAR2 (selected by BlockiT RNAi Designer) and the scramble primers (provided by the kit) were cloned in the pcDNA™6.2-GW/EmGFP-miR vector, according to the manufacturer's instructions. A172 cells were transfected with Lipofectamine 2000 (InvitrogenLife Technologies). For stable clones, the cells were maintained under blasticidin selection (20 g/ml). Immediately after transfection, cells were selected on a Fluorescent Activated Cell Sorting (FACS) according to their Green Fluorescent Protein (GFP) expression units (MIF = mean index fluorescent).
Human brain tissues
We used total RNA of human adult brains from a pool of four individuals (636530, Clontech) and human fetal brain (pool of 21 female and male) (636526, Clontech).
RNA isolation
The small (up to 200 nt) and total RNA fractions were isolated using miRVana™ miRNA Isolation Kit (Ambion-Life Technologies) and TRIzol reagent (Invitrogen-Life Technologies), respectively. Both procedures were performed according to the manufacturer's recommendations. RNA concentration and purity (A260/A280 nm ratio) were evaluated using a NanoDrop ND-2000 (Thermo Scientific). RNA quality was assessed by gel electrophoresis or by an Agilent 2100 Bioanalyzer microfluidics-based platform (Agilent Technologies).
De novo systematic screening of microRNA editing and expression
In house miRNA library was generated by the Illumina's TruSeq Small RNA Sample Prep Kit, according to the manufacturer's protocol. The mature miRNA libraries were sequenced with bar-codes and run to the Illumina HiSeq2000 instrument following the manufacturer's protocol. All reads were filtered and trimmed as in (22, 23) and editing events identified as previously described (22, 23) . The sequencing data have been submitted to the NCBI Sequence Read Archive (SRA) under accession number SRP125247.
A similar bioinformatics procedure was applied for the de novo screening of editing sites within miRNAs isolated from all the tissue samples analyzed in the present study [adult cerebral cortex, de novo glioblastoma -ERP012317 (24) and lower grade gliomas (The Cancer Genome Atlas -TCGA-https://tcga-data.nci.nih.gov/tcga/)]. Specifically, for the ERP012317 runs the preprocessing step has been conducted by using Cutadapt (https://cutadapt.readthedocs.io/en/stable/) and FASTQ Quality Filter from the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx toolkit/index.html). Then, REDItoolDnaRna version 1.1 (25) (Q 30 and minimum 10 reads coverage cutoff in the edited position) was used to call positions for de novo and already known editing sites (23, 26, 27) . Two-sided Mann-Whitney U test (calculated with the Python library SciPy) with P-value correction for multiple tests (False Discovery Rate, FDR 5%) was applied and only the positions detected in at least two replicates were considered 'informative. ' MiRNA expression profiles of cell lines (in house reads) were calculated by normalizing the samples and statistically significant differences were identified as described previously (22, 23, 28) . Briefly, the expression profiles were normalized using a variation of the Trimmed Mean of M-values normalization method. Fold-changes between counts in samples A and B were calculated using the formula log2[(A + 1)/(B + 1)], in order to avoid problems associated with zero values, and only miRNAs covered by at least 10 reads (on average) were considered.
For TCGA Glioblastoma and Lower Grade Glioma (ac n. phs000178.v9.p8), Genotype-Tissue Expression (GTEx) Brain cortex (ac n. phs000424.v7.p2) and six different human tissues [SRA code SRP058632, ac n. phs000870.v1.p1, (12) ] datasets, we downloaded reads after authorization from the database of Genotypes and Phenotypes (dbGaP). For miRNAs, raw counts were generated using featureCounts 1.5.1 (29), we considered only samples covered by at least 10 reads (on average) and fold-changes were calculated using DESeq2, Bioconductor version 3.4, P-value < 0.05. The rlog transformation method was used to convert counts to regularized log2 values showed as a heatmap (generated with R heatmap.2 function of gplots package).
For mRNA expression, normal brains (132 cerebral cortex from GTEx project) and primary untreated glioblastomas (145 samples from the TCGA) RNA-Seq data, derived from unstranded libraries of polyA enriched RNA (2 × 76 bp), were converted in standard .fastq and mapped to GRCh37 human genome by HISAT2 version 2.0.4. Transcriptome quantification and differential expression test were performed using Cuffquant and CuffDiff2 software.
Real-Time (qRT-PCR)
Quantitative real-time polymerase chain reaction (qRT-PCR) was performed to validate the expression of specific mature miRNAs, using pre-designed stem-loop primers (TaqMan MiRNA Assay, Applied Biosystems-Life Technologies). cDNA was synthesized from 10 ng of total RNA using TaqMan miR Reverse Transcriptase Kit (Applied Biosystems-Life Technologies) according to the manufacturer's instructions. For mRNA, 1 g of total RNA (pretreated with DNase I) was used to generate cDNA by the ImProm-II Reverse Transcription System (Promega) using random hexamer primers according to the manufacturer's instructions.
The small endogenous nuclear RNA U6 (RNU6B), GAPDH and/or β-actin were used as controls for normalization of mature miRNAs and mRNAs, respectively. The relative amount of each substrate was calculated by the 2 − CT method (30) . Expression levels were represented as relative fold increase compared to the control sample, which was arbitrarily set to 1. All qRT-PCR reactions were performed in duplicates and repeated at least twice from independent RT-PCRs and P-values were calculated (twosided t-test). All the primers were supplied by Applied Biosystems: ADAR2, ID Hs00953730 m1; ADAR1, ID Hs00241666 m1; ADAM12, ID Hs01106101 m1; GAPDH, ID Hs99999905 m1; β-actin, ID Hs99999903 m1; RNU6B, ID 001093. All primers for the miRNAs used in the studies were supplied by Applied Biosystems: miR-222-5p ID002276; miR-21-3p ID002438; miR-25-3p ID477994; miR-30a-5p ID000417; miR-135b-5p ID478582; miR-589-3p ID001543; miR-155-5p ID002623.
Immunoblotting
Total protein extracts were isolated with RIPA lysis buffer in the presence of a protease inhibitor mixture and phosphatase inhibitor cocktail (Sigma-Aldrich). Protein extracts were quantified with the BCA Protein Assay Kit (Pierce). Equal amounts of total cellular lysates (30 g) were separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to nitrocellulose membrane, analyzed by immunoblotting with the appropriate antibodies and then revealed by ECL (GE Healthcare). The antibodies used in this study were: anti-ADAR2 (1:200, Sigma), anti-␤-actin (1:5000, Santa Cruz Biotechnology) and anti-␣-tubulin (1:10 000, Abcam), anti-PCDH9 (1:500, Abcam) and anti-ADAM12 (1:500 Santa Cruz Biotechnology). The protein-specific signals were quantified by densitometric analysis using ImageJ v1.47 software.
Proliferation
Cells were seeded in dishes and live cells (Trypan blue dye exclusion) were determined daily, from day 1 to day 4. The assay was repeated at least three times in duplicate. For statistical analysis, we used the two-sided t-test.
MicroRNA mimic/antagomir transfection miRIDIAN miRNA mimics (Dharmacon-GE Healthcare) miR-589-3p (5 -ucagaacaaaugccgguucccaga-3 ) or edited miR-589-3p (5 -ucagagcaaaugccgguucccaga-3 ) were transfected using Oligofectamine (Invitrogen-Life Technologies), according to the manufacturer's instructions. A total of 100 nM miRIDIAN miRNA mimics (Dharmacon-GE Healthcare) miR-589-3p or edited miR-589-3p plus 100 nM miRIDIAN miRNA hsa-miR-589-3p hairpin inhibitor (Dharmacon-GE Healthcare) were transfected using Oligofectamine (Invitrogen-Life Technologies), according to the manufacturer's instructions.
Migration assay
For evaluation of in vitro cell motility, a monolayerwounding assay and a transwell assay were performed. For the wounding assay, cells were allowed to form a monolayer on a culture dish surface and, when they were approaching 100% cell confluence, a wound was made by scratching the monolayer with a pipette tip. After the scratching, the cells were incubated in a 5% CO 2 incubator at 37
• C for a further 24 h. Photographs (10× magnification using Leica DMi8 microscope) of the wound were taken at various time points. Three independent series of experiments were performed. The wound area was measured by the program Image J software (NIH, Bethesda, MD, USA). The percentage of wound closure was estimated by the following equation: wound closure % = [1 − (wound area at Tt/wound area at T 0 )] x 100%. With T 0 the time immediately after wound and T t the time 12 h post wound.
Transwell inserts with a 8 m pore size in 24-well plates (Corning, Life Sciences) were used for migration assays. 1 × 10 4 cells were added to the upper chamber in 0.2 ml serumfree medium; the bottom chamber contained medium with 10% of Fetal Bovine Serum (FBS) which acted as cell attractant. After 24 h incubation, cells that reached the underside of the filter were stained with Diff-Quik staining set (Medion Diagnostics) and counted based on five field digital images taken randomly at 10× magnification. Three independent experiments were performed. For statistical analysis, we used the two-sided t-test.
Invasion assay
Transwell insert with 8 m pore size in 24-well plates (Corning, Life Sciences) were used for invasion assays and coated with 50 l of matrigel (Corning Life Sciences, SigmaAldrich) for the in vitro cancer cell invasion assays. In both cases 1.5 × 10 4 cells were added to the upper chamber in 0.2 ml serum-free medium; the bottom chamber contained medium with 10% FBS which acted as cell attractant. After 24 h incubation, cells that reached the underside of the filter were stained with Diff-Quik staining set (Medion Diagnostics) and counted based on five field digital images taken randomly at 4× and 10× magnification using Olimpus IX71. Three independent experiments were performed. For statistical analysis, we used the two-sided t-test.
Gelatin zymography analysis
Conditioned media from A172 and U87-MG cells, respectively transfected with miR-589-3p mimic and miR-589-3p edited mimic, were used for the detection of MMP-9 by gelatin zymography analysis after 48 h of culture. Samples were applied without reduction on a 12% polyacrylamide gel containing 0.1% gelatin. After electrophoresis, gels were washed twice with 2% Triton-X for 1 h at room temperature to remove SDS. Gels were then incubated at 37
• C overnight in 50 mM Tris-HCl, 10 mM CaCl 2 , 100 mM NaCl 2 , 2% Triton-X at pH 7.6 and stained with 0.5% Coomassie blue R25, destained and scanned. Quantification of MMP-9 was achieved after image capture and by computerized image analysis using image J software. The secretion of MMP-9 in mock cells was taken as 1. Three independent experiments were performed.
HEK editing assay
Approximately 7 × 10 5 HEK 293T cells at 60% confluence were transfected with 3 g of either EGFP-ADAR2 or EGFP-ADAR1 using Lipofectamine 2000 (Invitrogen), following the manufacturer's instructions. Forty-eight hours post-transfection, total RNA was extracted from the cells using TRIzol reagent and reverse transcribed using random primers. Editing at specific sites was tested by PCR of the specific targets. Direct sequencing was performed, and editing was calculated as previously described (31) . Pri-miR-589 primers: fw 5 -gagcagggccatggagaag-3 , rev 5 -tttcctggcacaggtgctg-3 .
RNA editing analysis by Sanger sequencing
For editing analysis, RNA samples were pre-treated with DNase I and cDNAs were generated by Superscript II Reverse Transcriptase (Invitrogen-Life Technologies) using random hexamer primers or transcript-specific oligonucleotides, according to the manufacturer's instructions. The cDNAs were utilized for PCR reactions by using the Expand high-fidelity Plus PCR System (Roche) (16) . The specific PCR products were gel purified (Qiaquick, Qiagen). Direct sequencing (ABI 3500 Genetic Analyzer, Applied Biosystems-Life Technologies) was performed and editing levels were calculated as previously described (31) .
Luciferase assay
The 3 UTR portion of ADAM12, containing the putative binding site for the edi-miR-589-3p, was amplified using the primers Fw:5 -agaattccacccacaccgcctatatta-3 and Rev:5 -aaagcggccgctctggtaccataagcacagc-3 . PCR product was then digested (with EcoR1 and Not1) and ligated into the pMirTarget vector for luciferase assay (Origene). In a 96-well plate, a total of 1 × 10 4 cells/well were transfected with 0.25 g of the pmiR target vector containing ADAM12 3 UTR together with 50 nM of negative control mimic, 50nM of miR-589-3p mimic or 50 nM edimir 589-3p mimic respectively. For each transfection, 25 ng of Renilla luciferase reporter construct (pRL-CMV, Promega) was also transfected. After 48h the luciferase activity was assayed using a Dual-Glo Luciferase assay system (Promega) according to the manufacturer's instructions. Luciferase luminescence was measured with EnSpire ® multimode reader (Perkin Elmer). The ratio of firefly luciferase activity to the Renilla luciferase activity was used to normalize any difference in transfection efficiency among samples. All luciferase analyses were performed in triplicates. For statistical analysis we used the two-sided t-test.
The experimental methods comply with the Helsinki declaration.
RESULTS
MicroRNA differential expression signature in brain cortex and de novo glioblastoma tissues
First we performed a comprehensive miRNA expression profile of miRNA-seq runs comparing nine de novo glioblastoma samples [three Proneural (P), one Mesenchymal (M) and five Classical (C) subtypes as Verhaak classification (32)] and nine adult brain cortex samples (24) . Our analysis showed that miRomes of normal and cancer tissues are deeply different, with 299 modulated miRNAs (DESeq2 corrected P < 0.05) ( Figure 1A and Supplementary  Table S1 ). We have found that a specific miRNA involved in glioma growth (33) , miR-10b-5p, was overexpressed in de novo glioblastoma tissues, with a strong upregulation mainly in GBM belonging to the Proneural subtype (Figure 1 and Supplementary Table S1 ). Similarly, miR-10b-3p was found over-expressed in glioblastomas compared to normal tissues. Our analysis also showed, for the first time, that a specific miR-cluster (miR-216a/217) is overexpressed in glioblastoma tissues (Figure 1 and Supplementary Table S1). This cluster was associated with drug resistance and recurrence in liver cancer (34) . Among several known onco-miRs found overexpressed in GBM, there were wellknown onco-miRs (such as miR-21, miR-148a/b, miR-221, miR-96), while other miRNAs known to act as tumor suppressors in glioblastoma (such as miR-485-5p, miR-338-3p, miR-31, miR-218) were found significantly downregulated (Supplementary Table S1 ).
As A-to-I RNA editing can deeply modulate miRNA expression, by altering the RNA structure of the miRNA precursor (23, 35) , we wondered whether loss of ADAR2, a major deaminase involved in brain and poorly expressed/active in glioblastoma (16, 21, 36) , was able to modulate miRNAs important in GBM. Therefore, we silenced ADAR2 in glioblastoma cells (A172) (Supplementary Figure S2) and then we performed a de novo miR-expression screening of siADAR2 glioblastoma cells and controls by using a next-generation sequencing Figure S1 ) and also found overexpressed in siADAR2 versus scr glioblastoma cells (see Supplementary Table S2 ). (C) qRT-PCR of common miRNAs (asterisks in B) validated in siADAR2 (siA2) versus control (scr) glioblastoma cells. Mean ± s.e.m. (n = 2), **P < 0.01, *P < 0.05 (two-sided t-test). Expression levels were normalized to RNU6B levels and shown as relative fold increase compared to the scramble.
(NGS) approach. We found that, downregulating ADAR2, 43 miRNAs were upregulated while none among the downregulated miRNAs passed our screening. The 36 most overexpressed miRNAs (siADAR2 + scr ≥200 reads) following ADAR2 silencing are shown in Supplementary  Table S2 . Among them, miR-143-3p and miR-155-5p are both reported as miRNAs involved in promoting glioma aggressiveness (37, 38) . Several (15/36) miRNAs upregulated in siADAR2 cancer cells (Supplementary Table  S2 , miR shown in bold), and also overexpressed in tissues from de novo glioblastoma patients ( Figure 1B) , were then validated in siADAR2 A172 cells, by qRT-PCR ( Figure 1C and data not shown).
Overall, our data identified miRNAs aberrantly expressed in de novo glioblastoma never reported before and indicated that loss of ADAR2 specifically upregulates a definite group of miRNAs, most of which are overexpressed in glioblastoma and involved in the onset and progression of this aggressive cancer.
Shaping the microRNA editing signature in glioblastoma and normal brain
A-to-I RNA editing can modulate miRNA expression and also change the sequence of mature miRNAs, with possible consequences on gene-retargeting (39) .
To identify mature miRNAs undergoing editing, herein indicated as edi-miRs, we systematically analyzed the miRNA editing profiles of 9 brain cortex and 9 de novo glioblastoma tissues (24) . MiRNA NGS data were analyzed with a specific algorithm for miR-editing detection (22) . We identified 24 miRNAs differentially edited in normal cortex and glioblastoma samples (Figure 2 , Table 1 and  Supplementary Table S3 ). All miRNAs showed an overall decreased editing signature in glioblastoma samples compared to brain with a particular enrichment of miRNAs located on Chromosome 14 ( Figure 2 and Table 1 ). We report that several (15/24) miRNAs, differently edited in normal brain versus glioblastoma, underwent editing within their seed sequences (Table 1) and, among them, we identified a miRNA with a novel edited site, miR-1301-3p, edited at position +5 of the mature miRNA ( Figure 2 and Table 1 ). We also showed that editing within mature miRNAs occurred generally at low level (average <5%). However, miR-589-3p, also edited within its seed sequence, came out as the miRNA with the highest editing (median 95.59%) in normal brain tissues and with a consistent editing decrease in glioblastoma samples compared with brain cortex (18.81% editing median, P = 0.0006, q = 0.0055) (Figure 2 and Table 1 ).
Next, siADAR2 and control (scr) glioblastoma cells (Supplementary Figure S2 ) were analyzed for possible editing events within miRNAs. We identified only a few miRNAs being differently edited in glioblastoma cells: miR-196a2-3p site +9 (10.9%), miR-589-3p site +6 (10.4%) and miR-561-3p site +9 (44.9%). These editing levels resulted further reduced in siADAR2 cells (with ≥50% ADAR2 decrease): 0% for miR-196a2-3p, 6.5% for miR-589-3p and 35% for miR-561-3p. Among them, the editing in miR-561-5p and miR-196a2-3p occurs outside the seed sequence. Of note, edi-miR-196a2-3p is novel and identified herein for the first time.
We report that only few miRNAs (miR-1301-3p, miR-340-3p, miR-889-3p and miR-138-1-3p) were both edited and expressed to a lower level in glioblastoma tissues compared to brain cortex; by contrast, two miRNAs (miR-497-5p and miR-130a-3p) were edited to a low extent but overexpressed in glioblastoma compared to normal brain.
Crossing data from glioblastoma tissues and glioblastoma siADAR2 cells, we observed that only miR-589-3p was found in both screenings and consistently less edited in glioblastoma tissue samples than controls (18.81% editing median, P = 0.0006, q = 0.0055) ( Table 1) . Overall, our data demonstrated that in de novo glioblastomas editing was decreased within a specific subset of miRNAs and that this editing mainly occurs within seed sequences; among the modulated miRNAs, the edi-miR-589-3p shows the strongest drop in editing level in glioblastoma tissues compared to brain cortex and was also less edited in siADAR2 glioblastoma cells.
A-to-I editing within miR-589-3p seed is mediated by ADAR2
Next, we studied the role of the edi-miR-589-3p in glioblastoma. We first interrogated deep-sequence miR-data (24) in order to detect the expression levels of the unedited and the edited miR-589-3p in normal brain and in de novo glioblastoma. We found that edi-miR-589-3p is highly expressed in normal brain with a decreased expression in GBMs, while the unedited miRNA was found extremely low expressed in both tissues ( Figure 3A) . Furthermore, we interrogated available NGS-datasets (12) for human normal tissues in order to find this editing event within miR-589-3p (Chr7, position 5535483) in brain, heart, kidney, liver and muscle. Despite the few samples analyzed, we found that editing at this position (position +6 of miR-589-3p) was observed exclusively in brain, while no editing was observed in the other tissues analyzed ( Figure 3B ). Overall, miR-589-3p is highly expressed only in brain and almost only as edited-miR (edimiR-589-3p).
We have already reported that miR-589-3p editing decreased upon ADAR2 silencing in A172 glioblastoma cells (see previous paragraph). In order to demonstrate that ADAR2 edits miR-589-3p, we used an ADARoverexpressing system in HEK293T cells and specifically amplified and sequenced the endogenous pri-miR-589 48h after ADAR1, ADAR2 or empty vector transfection. In parallel, we amplified the pri-miR-589 from human adult brain cortex and human fetal brain. We found that position +66 of the pri-miR-589-3p (corresponding to position +6 of the mature miR-589-3p, within the seed sequence) is edited ∼ 40% by ADAR2 and only ≤10% by ADAR1 (Figure 3C and D; Supplementary Figure S3 ). Of note, this site was found edited at 50% in fetal brain and >50% in adult brain, while in A172 glioblastoma cells it was edited at low level (∼10%) (Figure 3C and D; Supplementary Figure S3 ). In total, we identified three editing sites within pri-miR-589, one editing site within miR-589-5p (+26 of the pri-miR) and two editing sites within miR-589-3p (+66 and +69 of the pri-miR) with the highest editing level found at position +66 of the pri-miR-589 ( Figure 3 and Supplementary Figure S3 ). No differences in mature miRNA expression levels were observed in HEK293T cells after transfection with either ADAR1 or ADAR2 ( Figure 3E ).
To further confirm that ADAR2 edits miR-589-3p at position +6 in glioblastoma cells, we also sequenced the primiR-589 from total RNA isolated from two glioblastoma cell lines (A172 and U87-MG) in which we overexpressed or silenced ADAR2. We showed that position +66 of the pri-miR-589 is modulated by ADAR2 in glioblastoma cells (Supplementary Figure S4) .
Overall, we showed that miR-589-3p is almost fully edited in the brain and that this editing is ADAR2-mediated; additionally, we showed that editing within miR-589-3p progressively increases from fetal to adult brain, while is lost in glioblastoma cells/tissues.
A-to-I editing within miR-589-3p seed inhibits glioblastoma cell aggressiveness
Next, we tested whether the editing decrease within miR-589-3p in glioblastoma has any impact on cancer cells. We overexpressed equal amounts (Supplementary Figure S5) Nucleic Acids Research, 2018, Vol. 46 of either miR-589-3p mimic or its edited version (carrying a G at position +6 of the seed sequence) edi-miR-589-3p mimic, in several glioblastoma cell lines (A172, U87-MG and T98G) and we tested them for cell proliferation, migration and invasion. We found that the edi-miR-589-3p significantly decreased cell proliferation in all the cell lines tested ( Figure 4A and Supplementary Figure S6) . Similarly, when we tested the cells for their ability to migrate, within 24 h post-transfection (a time in which these cells do not duplicate), we observed that edi-miR-589-3p significantly reduced cell motility compared to the unedited-miR, as tested using both scratch and transwell assays (Figure 4B and C; Supplementary Figure S6) .
To assess the effects of the unedi-and edi-miR-589-3p on the invasion ability of glioblastoma cells, we used a Transwell Chamber in which the top side of 8 m pore membrane was coated with matrigel. Identical GBM cells number (A172 and U87-MG), transfected with either the unedi-or edi-miR-589-3p mimics, were placed on the top of the chamber and 24 h later, we observed that cells transfected with miR-589-3p invaded significantly more compared with those transfected with the edited mimic in both cell lines ( Figure 5A and B) .
Highly aggressive and invasive glioblastoma cells move through extracellular matrix (ECM) into neighbouring brain parenchyma in a process involving ECM degradation and proteolysis. Two gelatinases, MMP-2 (gelatinase A) and MMP-9 (gelatinase B) are unique among MMPs for preferentially degrading type IV collagen, a major component of cerebrovascular basement membranes and a major structural barrier for tumor cell invasion (40) . Then, we explored the possibility that loss of editing within miR-589-3p may enhance the metalloprotease activity of these MMPs in glioblastoma cells. We analyzed glioblastoma cells (A172 and U87-MG), transfected with equal amount of unediand edi-miR-589-3p mimic, by using a gelatin-zymography assay (40) . Our data show that MMP-9 activity was clearly inhibited by edi-miR-589-3p, while it was enhanced by the miR-589-3p ( Figure 5C and D). Similar findings, but with a mild effect, were also obtained with MMP-2 (data not shown). In summary, we demonstrated that editing within miR-589-3p at +6 site restricts glioblastoma cell proliferation, migration, invasion and the ability to digest ECM, while the unedited miR-589-3p promotes glioblastoma progression and invasion.
Editing within miRNA-589-3p progressively decreases with the increased astrocytoma malignancy grades and targets a different set of RNAs Next, we measured editing level of miR-589-3p (+6 site) in normal brain and astrocytoma samples of increasing malignancy grades (grades I-IV). By screening multiple miR-datasets (NGS) (TCGA, https://tcga-data.nci.nih.gov/ tcga/) (24) we found that editing at this site progressively decreased from normal brain to astrocytoma grade II, and grade III being lowest in glioblastoma samples ( Figure 6A ).
Considering the impact of this specific editing event, we focused on possible target genes modulated by the unedited and the edited version of miR-589-3p, by interrogating available software [miRDB (41) and TargetScan (42)]. By crossing results from both software and picking the common targets, we found that while the unedited miR-589-3p may target 143 genes, the edi-miR-589-3p could affect a different and smaller set of genes (94 target genes), with only 20 potential target genes in common ( Figure 6B and Supplementary Table S4 ). Among the RNA-target genes exclusively modulated by edi-miR-589-3p, there were several involved in cell proliferation and migration/invasion (Supplementary Table S4 ).
Protocadherin 9 (PCDH9), a tumor suppressor gene associated to glioma progression (43) , came out as a specific RNA target gene controlled by the miR-589-3p. The Disintegrin and Metalloproteinase 12 (ADAM12) gene transcript, over-expressed in various cancers (44, 45) , resulted to be a specific candidate for the edi-miR-589-3p ( Figure 6B ). Then, we analyzed the expression levels of both PCDH9 and ADAM12 in normal brain cortex and de novo glioblastoma tissues by interrogating 145 GBMs (TCGA dataset) and 132 normal brain tissue samples (GTEx database). We found that, while PCDH9 is downregulated, ADAM12 is upregulated in glioblastoma tissues compared with normal brain tissues ( Figure 6C ).
To validate PCDH9 and ADAM12 as unedi-and edi-miR-589-3p target genes respectively, we transfected glioblastoma cells with either unedited or edited-miR-589-3p mimic and tested PCDH9 and ADAM12 levels. We demonstrated that while miR-589-3p silenced PCDH9 48h post-transfection (Supplementary Figure S7) , edi-miR-589-3p specifically silenced ADAM12 48 and 72 h posttransfection ( Figure 7A and Supplementary Figure S8) . We showed that the ability of edi-miR-589-3p to silence ADAM12 is specific as it was lost when we quenched the overexpressed edi-miR-589-3p with the specific inhibitor (antagomir) ( Figure 7A ). Luciferase assay was also performed using HEK293T cells. The reporter construct containing the ADAM12 3 UTR was co-transfected with either the unedited or the edited miR-589-3p mimic. Specific binding to ADAM12 3 UTR was observed only with the edited version of miR-589-3p, revealing a specific contribution of I:C/G:C base pairs for hybridization of the editedmiR to its target ( Figure 7B ). Finally, in order to recapitulate what observed in glioblastoma tissues (with editing reduction from ∼100 to ∼80%, see Table 1 ), we co-transfected U87-MG glioblastoma cells with the two miRNAs mixed to different ratios (edited/unedited) and we measured the invasion ability of the cells. We show that a little decrease of edi-miR-589-3p (of about 20%) already enhanced the invasive cell behaviour that further progresses with the edi-miR reduction (Supplementary Figure S9) .
Collectively, our data demonstrated that both unedited and edited miR-589-3p are critical partners with opposite effects in glioblastoma cells. Specifically, we showed that the fully edited miR-589-3p, highly expressed in normal brain, keep silenced the metalloprotease ADAM12, while the unedited miR-589-3p released the control over ADAM12, increasing glioblastoma cell invasiveness ( Figure  7C ).
DISCUSSION
The identification of genes involved in glioblastoma progression and ability to switch from a stationary condition to a diffuse mobile cell state, with a tendency to spread into the brain, is of high interest for cancer research (46) . Herein, we wondered whether ADAR enzymes are involved in glioma aggressiveness/invasiveness and we aimed to identify the ADAR target genes involved.
We focused on identifying edited target genes involved in a highly malignant cell-reprogramming switch, with a particular attention to miRNAs. MiRNAs play multiple and crucial roles in cell proliferation, migration and inva- sion (47, 48) and are also attractive molecules as new targets for potential therapeutic interventions in several cancers, including glioblastoma (49) . A-to-I RNA editing, mediated by ADAR enzymes, affects miRNA-controlled pathways by interfering with miRNA maturation steps as well as with miRNA targeting (39) . Indeed, editing within miRNA seed sequence (the miRNA-RNA recognition site) may alter miRNA target specificity, thus re-orchestrating miRNAmediated gene silencing (11, 22) . However, despite the fact that most edited RNAs are concentrated in mammalian brain (12) , only one example of edi-miRNA (miR-376a*), affecting glioblastoma, has been reported (50) .
Interestingly, editing within miR-376* is mediated by ADAR2 and, when decreased, can promote glioblastoma invasion (50) . Of note, miR-376a* is edited at low level and results difficult to detect from NGS data (51) . Indeed, also in the present study, only few samples showed editing within this miRNA and no statistical significant differences were observed between normal brain and GBMs (MannWhitney U test, Benjamini-Hochberg corrected P value < 0.05) ( Supplementary Table S3) .
Overall, it is conceivable that in vivo multiple edi-miRs (such as the edi-miR-589-3p, miR-376a* and other edimiRs) can contribute together to restrict glioma aggressiveness with a possible synergistic action.
Herein, we compared the miRNA signature (expression and editing) of de novo glioblastoma and normal brain tissues showing that a characteristic miRNA-profile distinguishes cancer from normal tissues. Cancer tissues are enriched in onco-miRNAs, such as miR-10b and the ancient chordate-specific miRNA cluster miR-216/217 (52), found overexpressed in glioblastoma tissues (mainly in the Proneural subtype) and recently connected to the induction of epithelial-mesenchymal transition in liver cancer (34) .
The editing signature of miRNAs is also a characteristic feature distinguishing glioblastoma from normal brain tissue with a generalized and significantly decreased editing occurring in 24 miRNAs, some of which (∼20%) mapped to Chromosome 14 (miR-337, miR-379, miR-411, miR-381 and miR-889, Figure 2 and Table 1 ). All these miRs are organized in three independent miR-clusters. Specifically, miR-379 and miR-411 belong to the miR-379/411 cluster (14q32) that contributes to drug resistance in malignant pleural mesothelioma (53) . Another miR-cluster, comprising 19 miRNAs, includes the miR-381, the miR-889 and the already mentioned miR-376a*. It is intriguing that significant editing decrease in glioblastoma occurs in miRclusters mapping to the same chromosomal region (14q32). Of note, loss of heterozygosity (LOH) involving 14q31.3-14q32.1 was reported in ∼22% of glioblastomas (54), indi- cating that genes acting as tumor suppressors are located in this specific chromosome portion.
Among the significantly modulated edi-miRs, here we report a novel editing event within miR-1301-3p (in its seed sequence). We found that most (15/24) of the editing events altered the miR-seed sequence ( Table 1 ), suggesting that editing is not a random event, but occurs at essentialspecific sites. Among the significantly modulated edi-miRs, miR-589-3p, originally identified in our laboratory (22, 23) , showed the highest editing level among miRNAs in the brain (median 95.59%), with also the highest drop in editing proceeding from normal brain to glioblastoma ( median 18.81%, P = 0.0006). We showed that this distinctive miR-589-3p is edited and expressed almost exclusively as edited-miR in the brain compared to other human tissues, and editing progressively decreased in astrocytomas with increasing grade of malignancy, being significantly edited to a low extent in astrocytoma grade IV or glioblastoma ( Figure  6 ).
We demonstrated that ADAR2 is the principal editase involved in editing pri-miR-589-3p at position +66 (position +6 of the mature miR-589-3p); additionally, we also identified other two ADAR2-medited editing sites at position +26 and +69. Remarkably, miR-589-3p +6 site is peculiar as miR-site displaying ∼100% editing and, for this reason, it reminds to the well-known, almost fully-edited, GRIA2 Q/R site (4). Indeed, both sites are ADAR2-/brain-specific and loss of editing at these positions promotes glioblastoma cell invasion [Figures 4 and 5 and (55) ].
We showed that editing at +6 of miR-589-3p is sufficient to significantly decrease both cell proliferation and migration in several glioblastoma cell lines (A172, T98G and U87-MG), while the unedited miR-589-3p promoted cell proliferation and accelerated cell migration. We demonstrated that the unedited miR-589-3p promoted cell inva-sion and increased the metalloproteinase 9 (MMP-9) activity; on the contrary, the edited miR-589-3p constrained cell invasion and decreased MMP-9 activity.
To investigate whether this single A → I/G base change within miR-589-3p affects the selection of target genes, we took advantage of available computational algorithms, [miRDB (41) and TargetScan (42) ], to predict uned-/edimiRNA-target specific interactions. Among possible target genes controlled by edi-miR-589-3p, we concentrated on the Disintegrin and Metalloproteinase 12 (ADAM12) that is a novel and important protease promoting glioblastoma aggressiveness (44, 56) . We demonstrated that, while miR-589-3p silences PCDH9 mRNA, the edited miR-589-3p (edimiR-589-3p) specifically targets ADAM12 and inhibits cell migration/invasion. Of note, edi-miR-589-3p constrained not only cell migration/invasion but also cell proliferation. Recently ADAM12 has been also connected with glioblastoma cell proliferation through its shedding activity over HB-EGF (56) .
Since miR-589-3p increases cell proliferation and migration/invasion, it appears reasonable why, in normal brain, we found a high editing level (almost 100%) of this miRNA, as it might prevent abnormal cell proliferation/migration/invasion. It is intriguing that this key miR-site (+6 miR-589-3p) is controlled post-transcriptionally by RNA editing machinery. We hypothesize that editing, acting as an 'on/off system', may be necessary to quickly respond to different stimuli (for example during brain development, memory process, cell plasticity or brain injury). Indeed, we found that editing within miR-589-3p increased from fetal to adult brain. At the same time, glioblastoma cells may take advantage of this editing machinery by decreasing editing within miR-589-3p to increase cell aggressiveness/spreading when necessary.
This study demonstrates that the edi-miR-589-3p could be an alternative more specific and effective approach to control simultaneously abnormal cell proliferation/migration and, most importantly, invasion/spreading of glioblastoma cells. Altogether, our data highlight the importance of RNA editing as a promising field of research for brain and brain cancer.
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